in number of site-years. For Iowa, a state that produces 68.6 million Mg of maize on 5.5 million ha in 2016 (USDA-NASS, 2017), PD by RM recommendations have not been updated since 2001 (Farnham et al., 2001 ). Furthermore, due to the short commercial lifecycle of hybrids and increased climate variability (wetter than normal springs in the US Corn Belt; Dai et al., 2015) , there is a need to regularly update planting recommendations for improved farmers' decision making. A study by Sacks and Kucharik (2011) showed that the PD in the US Corn Belt is advancing 0.4 d per year over a 24-yr period. Recent findings of climatological trends showed that increased intensification of cropland in the US Corn Belt has lowered temperatures and increased precipitation amounts (Alter et al., 2017) . As both temperature and precipitation impact maize development, the optimum planting date and relative maturity recommendations should be updated regularly.
Currently there is a knowledge gap regarding what hybrids to use when PD is delayed past the optimum window because of weather and soil constraints. According to a study in southern Wisconsin, full-season hybrids yield better when planted at optimum dates or earlier, and it was not until 15 May (day of year [DOY] 135) that a farmer should switch to a short-season hybrid (Lauer et al., 1999) . The critical planting window at which yield reduction occurs in modern hybrids has not been estimated for Iowa. A dilemma that farmers face when planting is a delayed decision of when to switch from a full-season hybrid (with full yield potential) to a short-season hybrid (with diminished yield potential) that will mature before a killing fall frost (Nafziger, 1994; Lauer et al., 1999; Nielsen et al., 2002; Parker et al., 2016) .
Our objectives were to: (i) identify optimum PD for modern hybrids to maximize yields per environment; (ii) to estimate the risk associated with full-season hybrids when planting occurs beyond the optimum date; and (iii) determine critical developmental (silking and grain-fill duration) indicators and thresholds for assessment of expected grain yield and decision making. To meet our objectives, we analyzed a comprehensive multi-location dataset from Iowa (n = 1056), that has maize PD and RM treatments across 3 yr.
mAterIAls And methods experiment sites
Field experiments were established at seven experimental sites at Iowa State University research farms in 2014, 2015, and 2016 . The extent of sites and years was to fully represent the variability in climate and soils in Iowa, USA (Table 1) . Of the seven sites, three were located across northern Iowa, one in central Iowa, and three across southern Iowa. Sites in northern Iowa were denoted as Northwest, North Central, and Northeast. Sites in southern Iowa were denoted as Southwest, South Central, and Southeast. Iowa has a humid continental climate with annual mean temperature of 9°C and precipitation of 900 mm and 164 frost-free days. Weather data were collected for each site using weather stations provided by Iowa's Environmental Mesonet (IEM, 2016). Long-term means were derived from 1980 to 2016.
experimental design and management
Each site-year followed a split-plot design with four replications. The main plot factor was PD and RM the sub-plot factor. Individual plot size was 4.6 m wide by 13.7 m long. Row spacing was 76 cm. Maize was planted following soybean [Glycine max (L.) Merr.] at 86,450 seeds ha -1 . Fields at all sites followed typical herbicide and soil fertility programs for P, K, and pH for the area (Mallarino et al., 2013) . A target N application of 168 kg ha -1 was applied as a single spring pre-plant application at all sites. Pesticides were used as needed to ensure pests were non-yield limiting.
planting date and relative maturity
The target PD across all site-years were 15 April (DOY 105), 10 May (DOY 130), 5 June (DOY 156), and 30 June (DOY 181). However, weather inconsistencies among sites-years created variation from the target PD as shown in Table 2 . Due to variation in actual PD among site-years, the PD were grouped within five categories, April (15-30), early May (1-10), , early June (1-15), and late June (16 and after). Some of the PD in the late June category stretched into early July. An early July category was deemed unnecessary because of how few sample points fell into this category and the similarity of grain yields with those in the late June category. 
measurements and calculations
The center 4 rows of each 6-row plot were mechanically harvested using a Harvest Master weigh bucket system. The weigh bucket system collects the grain weight and moisture on an individual plot basis. This allows for higher accuracy as opposed to a yield monitoring system that determines grain weight from grain flow across an impact plate. Yield data presented in this paper were adjusted to a 150 g kg -1 grain moisture content.
The following crop phenological stages were recorded in the field throughout the growing season: emergence date, silking date, and physiological maturity (Supplemental Table 1 ). Growing degree days (GDD) were calculated using the formula (Eq. [1]):
where Tmax and Tmin is the daily maximum and minimum air temperature, respectively in °C, and base is 10°C. If Tmax exceeds 30°C, 30°C was used for Tmax, and if Tmin is less than 10°C, 10°C was used for Tmin (Kumudini et al., 2014) . The total GDD accumulation was calculated from planting to physiological maturity. A killing frost was determined when the air temperature was at or below -2.22°C.
data Analysis and statistics
Relative yield was calculated by dividing the actual yield by the maximum yield observed within a site by RM combination across years and PD. An analysis of variance (ANOVA) was used to determine treatment effects on a linear statistical model. The ANOVA table was derived using R software (R Core Team, 2017) . The model analyzed the interaction among study factors (site, year, PD, RM) on grain yields (Table 3) . Replication across years and treatments (PD and RM) within a site were considered random effects to derive the standard deviation of the mean for each treatment, whereas site, PD, and RM were fixed effects in the statistical model. The ANOVA was run for every site separately as RM was nested within individual sites and all sites consisting of different climate patterns and soil types. Of the seven sites, none were found to have a significant interaction between PD and RM on grain yield. However, PD was significant at every site and RM was significant at only the Central site for grain yield (Table 3) . A similar linear model was sufficient to compare interactions for the timing of phenological stages, interactions among sites, and the accumulated GDD and their effect on grain yield.
A quadratic model better explained how grain yield interacted across varying PD. To fit the grain yield response to PD, we used the nlme package in R and the following nonlinear model (Eq. [2]). where y is yield, x is planting DOY, and a, b, and c are coefficients specific to each site-year × RM combination. The interaction on grain yield was considered to be significant at P < 0.05 among sites that contain the same RM; therefore, the model was applied separately to each experimental site-year by RM combination (n = 66 cases). From these quadratic fits we estimated the optimum PD for each combination and integrated results by site and presented as frequency plots.
results
Weather conditions and grain yield Across our sites, climate conditions were relatively inconsistent across the growing season (April-October) during the years of study (Fig. 1) . Compared with the 35-yr average, the end of season values for GDD and precipitation show roughly 47% of the site-years were warm, 42% cool, and 2% near mean values. The coolest site-year was at the Northeast site in 2014, and the warmest at the Southeast site in 2016. Regarding precipitation, 62% of the site-years were wet, 24% dry, and 14% near the mean yearly precipitation (data not shown). The wettest site-year was Southwest in 2014, and the driest was South Central in 2014. Overall, there was substantial weather variability across site-years. Accounting for PD within site-year the variability in growing season precipitation and GDD increased further ( Fig. 1 and Supplemental Table 2 ). For instance, the 21 Apr. 2014 A killing fall frost is a major yield-limiting factor for maize production in Iowa. Typically, a killing fall frost occurs in midOctober (Fig. 2) . In 90% of the study site-years, the first fall frost occurred after the historical mean. This means that late plantings benefited from the extended growing season. The fall frost in Northeast in 2015 and South Central in 2016 were earlier than normal, but within the 25th percentile. About 71% of the site-years had a frost date later than the 75th percentile.
Despite the fact that only 1 to 2% of the site-years had precipitation and temperature near the historical mean, average grain yields across PD and RM were stable across the site-years. Grain yields were above, near, or below the county average 29, 38, and 33% of the cases, respectively (data not shown). Mean grain yields were higher in southern sites, followed by northern sites, with the lowest mean grain yields achieved in the central site.
planting date and relative maturity effects on grain yield and crop phenology Planting date had the strongest effect on grain yield. In all cases, April and early May PD had higher grain yields than the June PD. The full-season RM had significantly higher grain yields than the mid and short RM, with the exception of the Northeast site, this is due to the shortest RM reaching maturity before a killing frost on the last PD, whereas the other hybrid RM did not.
Analysis of variance for silking and maturity dates revealed significant interactions among study factors (P < 0.0001). Using the mean square error (MSE) derived from the ANOVA, percent variation to each factor was calculated using an individual factor's MSE divided by the sum MSE of all factors. This analysis attributed almost all of the observed variability (96% in silking date and 76% in maturity date) to PD whereas RM explained only 3 and 12% of the variability, respectively. Delays in PD caused statistically significant delays in silking date and maturity date and, therefore, shortened the vegetative and reproductive intervals. Between early (April) and late planting (June), the time from emergence to silking decreased from an average of 67 to 54 d. This decrease in days to silking was greater in the southern sites and smaller in the northern sites due to temperature gradients. The mid-April PD had a mean growing season length of 130 d. The growing season length decreased to 123, 120, 112, and 103 d for the early May, mid-May, early June, and late June planting, respectively (Supplemental Tables 1 and 2 ).
optimum planting Windows
The observed variability in grain yield response to PD across all the hybrid-specific models from each site-year (n = 66) is illustrated in Fig. 3 (model performance of the 66 individual regressions is included in Supplemental Table 3 ). The nonlinear model used to describe the observed grain yields performed well (average R 2 = 0.91) and allowed simulated data to be used to calculate the optimum PD for each site-year × RM combination. Optimum planting date for each site was realized on the DOY that had the highest grain yield for each year × RM interaction. Frequency analysis of the optimum PD revealed that the optimum planting window was narrower in northern sites and wider in southern sites, with the exception of the North Central site (Fig. 3) . Interestingly, hybrid RM did not have a significant effect (P = 0.3378) on the optimum date and frequency distributions. Analysis of previous PD and RM research across the central Corn Belt found the optimum planting window to be 22 April (DOY 112) to 10 May (DOY 130) (Fig. 4) . This corresponds with our optimum PD for the Central site.
To quantify the risk that is associated with using full-season hybrids under late planting conditions, we calculated the percent rate of yield loss from the maximum yield for every given RM × site interaction. Using predicted values derived from Eq. [2] curves were fit to represent yield losses from the observed data points (Fig. 5) . Predicted values were also used Table 3 . Site means and standard deviation (SD) across planting date (PD) and relative maturity (RM) group. Including an analysis of variance for each treatment means effect on grain yield. to determine the mean grain yield over 10-d planting intervals from late April through late June. These values ranged from 3 to 117 kg ha -1 d -1 in late April and 57 to -45 kg ha -1 d -1 in early May (Table 4) among each site-year × RM interaction for the respective PD interval. Relative maturity had a minor effect on the shape of yield response to PD, and thus mean values across RM were determined to assess the risk of yield loss. Sharp declines in grain yield change were realized beginning late May to early June, with maximum relative yield most frequently found in early May. Relative yield of >93% was achieved with planting in mid-May or earlier, whereas planting before early June resulted in >80% relative yield (Table 4) .
critical silking date and grain-filling thresholds for Achieving optimum yields
Regression analysis among yield and key phenological events (Fig. 6 ) revealed important thresholds that can assist with yield predictions. The vegetative (emergence to silking) GDD threshold to achieve 100% relative yield was 702°C-day (Fig. 6c) . Below that threshold relative yield was quite variable. In terms of a critical calendar date beyond which yield is reduced, we found this to be 23 July (DOY 204) across site-years (Fig. 6a) . Silking beyond 23 July (DOY 204) was associated with a 0.75% yield loss for every day delay.
The relationship between yield and GDD during the grainfilling period was linear switching to a plateau at 648°C-day (Fig. 6d) . This means that the minimum grain-filling requirement for maize to achieve maximum yield is 648°C-day. Below this threshold, grain yield sharply declined by a rate of 0.13% per GDD unit. In terms of calendar days, maize reaching maturity beyond 22 September (DOY 265) is associated with high risk of yield loss due to decreased daily radiation amounts, low temperatures, and frost risk.
dIscussIon
We analyzed a wide range of PD and RM combinations across different geographies and weather conditions in Iowa. Such a comprehensive analysis was missing for the top maizeproducing state in the United States. These results are expected to assist farmer's decision-making as well as researchers involved in yield predictions. (boxplots; 1980-2016) and observed fall frost across study years (colored symbols) and locations. In the boxplot: middle line represents the mean frost date, the lower and upper hinges being the 25th and 75th percentiles, whiskers showing a 95% confidence interval around the mean. Ticks on the x axis represent day of year (DOY).
Assuming that most of the maize hybrids grown in Iowa have around 18 leaves, meaning the vegetative phase requires a thermal time requirement of approximately 720°C-day, given that the leaf appearance rate is about 40°C-day per leaf (Bonelli et al., 2016) . Extending the vegetative phase up to 23 July (DOY 204) often results in higher grain yields in the absence of other yield-reducing factors such as nutrients, water, and killing frost. However, the duration of grain-filling phase is also important. Silking after 23 July (DOY 204) led to a less favorable grainfilling environment, both lower quality and quantity of solar radiation and cooler temperatures at the end of the grain-filling phase (Cirilo and Andrade, 1994) . This, coupled with increased leaf senescence after silking and slower GDD accumulation (Tsimba et al., 2013a) , limits assimilate supply during grain filling and negatively impacts yield. These factors increase the risk of the crop not maturating before an early fall frost.
The fact that our study was conducted over a 3-yr period where fall frost occurred later than the historical mean is one reason why we did not find hybrid RM to be an effective management consideration in response to late planting. Relative Fig. 3 . Distribution of the optimum planting dates (PD) across locations. Left center is an illustration of quadratic response curve variability for each individual hybrid maturity site-year (n = 66). Right center is an illustration of the measured vs. predicted grain yield for each PD, relative maturity (RM), and site-year. maturity has been used in the past to minimize yield penalties associated with late planting with the explicit goal of reaching physiological maturity before a killing fall frost, as well as having suitable conditions for adequate grain moisture dry down in the field. Farmers must also consider the time for grain to dry down when physiological maturity is delayed. Grain moisture dry down following physiological maturity is driven by the vapor pressure deficit of the grain and atmosphere (Maiorano et al., 2014) . Because later PD results in the crop reaching physiological maturity later in the growing season, there is less potential for grain moisture dry down in the field following physiological maturity due to the temperature being cooler, causing less of a vapor pressure deficit (Nielsen, 2013) . The combination of low yield and high grain moisture has the potential to dramatically reduce profits due to increased drying cost and lower receipts from grain yield.
Despite climate patterns, yield response to PD have not changed for central Iowa according to literature findings (Alessi and Power, 1975; Cirilo and Andrade, 1994; Lauer et al., 1999; Farnham et al., 2001; Sindelar et al., 2010; Parker et al., 2016; Abendroth et al., 2017) . This is largely the result of more stable hybrids that tolerate weather variability. Our observed grain yield variability (CV = 31.29%) among site-years is consistent with observed yields for another study planted at the same sites (Al-Kaisi et al., 2015) .
In cropping areas, such as the US Corn Belt, very early PD are expected to have a yield penalty as a result of cool, wet soil conditions (Kucharik, 2008) . However, our study was mainly focused on late planting situations, due to the fact that our earliest PDs were not early enough to detect such a yield penalty. We found that typically, the optimal PD was around 5 May (DOY 125). Our study indicates a disproportionate amount of time a farmer has to plant in the optimum window. It was found that our sites in northern Iowa has a smaller optimal planting window than the central and southern Iowa sites due to a delay in the time ideal planting soil temperature and moisture are achieved. This indicates a greater importance for farmers in northern Iowa to plant timely to attain maximum grain yield. We believe the cause of this is due to the warmer growing environment during grainfill in southern Iowa, allowing later planted maize to accumulate adequate GDD units to fully progress through reproductive stages. Likewise, the highest frequency of optimum PD was earlier in the growing season and was delayed at higher latitudes, which matches the results of (Long et al., 2017) . Late planting of maize has a tremendous impact on both the vegetative growth and grain-filling phase. Tsimba et al. (2013b) found decreased harvest index associated with a late PD because late planting reduced grain filling whereas vegetative biomass was not affected. Not only does limiting grain filling result in smaller ears and reduced kernel weight, but full-season hybrids were either not matured fully or had a higher grain moisture content than earlier planting dates. It is recommended to have 15% maize grain moisture at the time of sale and 14% grain moisture for proper storage. Harvesting maize at substantially higher grain moisture greatly increases expenses associated with transporting and drying, thereby lowering farmer profits. Therefore, this must be a consideration for late planted maize (Benson, 1990) .
Previous research has found grain yield of full-season hybrids to be greater than short-season hybrids when planted earlier in the growing season, whereas short-season hybrids have a grain yield advantage when planted later (Staggenborg et al., 1999) . Our study confirmed that full-season hybrids have a slightly higher relative yield compared with short-season hybrids at April to early May PD. However, we found that RM was not an important yield consideration with late May to late June PD. This contradicts Farnham et al. (2001) , who found small yield benefits from 5 RM shorter hybrid for every 7-to 10-d delay in planting past the optimal planting window. One of the risks of planting full-season hybrids later in the growing season is the increased risk of a killing fall frost before the crop matures (Tsimba et al., 2013b) . conclusIon Planting date greatly affects maize grain yields, time to silking, and grain-filling duration. The effect from PD was larger than RM on grain yield and phenology. Farmers in Iowa will benefit more from planting full-season hybrids throughout the growing season; however, the effect of RM dissipates with movement to warmer southern climates, as southern climates have a longer growing season. The yield penalty associated with delayed planting was attributed to a shortened growing season. Farmers have typically chosen a hybrid relative maturity well before planting, our research suggest that hybrid RM has a very small effect on grain yield for any given PD when the crop reaches maturity before a killing frost. In areas that are prone to an earlier frost such as in northern Iowa, farmers may benefit from switching to a shorter season RM on later PD to increase the chance of the crop maturing before a killing fall frost. With new hybrids entering the market each year, it is important to maintain an understanding of how these hybrids interact with PD so farmers have the best recommendations possible.
